Abstract-Osteoblast proliferation is sensitive to material surface properties. In this study, the proliferation of MC3T3 E1-S14 osteoblastic cells on poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) films with different surface characteristics was investigated with the aim of evaluating the cause of a lag in cell growth previously observed. The solvent-cast films were prepared using three different solvents/solvent mixtures which produced PHBV films with both a rough (at the air interface) and smooth (at the glass interface) surface. Investigation of the surface roughness by scanning electron and scanning probe microscopy revealed that the surfaces had features that were different in both average lateral size and average amplitude (R a 20-200 nm). Water contact angles showed that all surfaces were hydrophobic in nature (θ A in the range 69-82 • ). The lateral distribution of surface crystallinity of the films was evaluated by use of micro-attenuated total reflectance Fourier transform infrared (ATR-FT-IR) by determining the surface crystallinity index (CI) which was found to differ between samples. MC3T3-E1-S14 osteoblasts were cultured on the six surfaces and proliferation was determined. After 2 days, cell proliferation on all surfaces was significantly less than on the control substrate; however, after 4 days cell proliferation was optimal on three surfaces. It was concluded that the initial lag on all substrates was due to the hydrophobic nature of the substrates. The ability of the cells to recover on the materials was attributed to the degree of heterogeneity of the crystallinity * To whom correspondence should be addressed. and surface roughness: samples with a roughness of 80 nm were found to support cell proliferation. In addition, the lateral surface features influenced the proliferation of osteoblasts on the PHBV film surface.
INTRODUCTION
Artificial bone scaffolds that have properties akin to native bone and that can be made on demand and shaped as required during surgery would be a valuable resource for orthopaedic surgery [1] . The current options available to replace bone include allograph and autograph bone; however, there is a limit to the amount of autograph bone that can be harvested, and allograph bone must be irradiated prior to use, a process that severely compromises the quality of the bone. Thus, the fabrication of artificial bone scaffolds that can be used to replace and repair injured or diseased bone are a clinical necessity that can be achieved by using biodegradable polymers [1] .
The biodegradable polymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), which is derived form various micro-organisms, including the energy storage granules of Gram-negative bacteria, has a number of intrinsic features suitable for making an artificial bone biomaterial. Specifically, PHBV has a slow degradation rate which allows sufficient time for the bone to repair itself and forms degradation products that are non-toxic and are metabolised via beta-oxidation and the tricarboxylic acid cycle (TCA cycle) [2] . In addition, PHBV has mechanical properties which are superior to those of cancellous bone (Young's modulus of 1.0 GPa and tensile strength of 13 MPa) [3] and which can be improved further by the generation of composite biomaterials made from PHBV and hydroxyapatite [4, 5] . Recent studies have shown that PHBV supports the growth and proliferation of osteoblasts [6, 7] . However, these studies reported that the growth and differentiation of osteoblasts on PHBV was affected by a lag period [7] and the surface roughness and the wettability of PHBV were the properties proposed to hinder the initial grow of osteoblasts on this material [7] . A number of excellent reviews have described how the proliferation and differentiation of osteoblasts on biomaterial substrates are affected by the unique surface properties of the particular material used [8 -11] . Specifically, surface wettability [12] , roughness [13 -15] and crystallinity [16] have been suggested to influence the behaviour of osteoblasts grown on polymer-based biomaterials.
Low surface wettability (i.e., high hydrophobicity) is a common surface characteristic of many polyesters, including PHBV. Generally for thermoplastics, hydrophobic surfaces (polystyrene bacteriological culture plastic, water contact angle 75
• ) are known to inhibit proliferation and increase the rate of apoptosis of anchorage-dependent osteoblastic cells compared to cells grown on hydrophilic surfaces (tissue-culture-grade polystyrene produced by chemical modification, water
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• ) [12] . Hydrophobicity reflects the surface energy of a substrate and it is generally accepted that this influences the adsorption of proteins onto material surfaces [17, 18] . This in turn has been suggested to influence the behaviour of cells grown on the substrate. It is important, however, to appreciate that wettability is linked directly to other surface properties such as surface chemistry and roughness and as such it cannot be studied in isolation.
Informative studies on patterned surfaces have given insight into cell responses to surface roughness. Specifically, the influence that the average amplitude of features on the surface of a material (R a ) has on osteoblast proliferation has been investigated for several polymer substrates [13 -15] . In these studies the surface features and the bulk polymer had the same chemical composition; however, wettability is likely to have been affected by the roughness. Wan et al. reported that the addition of surface features with both micro-(2.5 µm) and nano-(40 nm) scale amplitude to poly(L-lactide) (PLLA) and polystyrene (PS) polymers improved the attachment of rat osteoblast-like cells to both materials at a 6 h time point, whereas no difference in cell proliferation was seen at 2 days [14] . Liao et al. found that rat calvaria bone cells had higher alkaline phosphatase activity at day 9 on pyramid patterned silicone surfaces (square base 33 µm, height 23 µm) compared to flat featureless surfaces and proposed that the grooves between the surface features created a specific biochemical micro-environment around each cell which promoted proliferation [15] . Hatano et al. have also demonstrated that the amplitude of surface features influences osteoblastic proliferation of rat calvarial osteoblastic cells, by changing the roughness (0.37-2.9 µm) of PS surfaces with different coarseness of grinding paper and that the cell performance was optimal on surfaces with features of 0.81 µm [13] . In addition to the alignment of the surface pattern influencing cell behaviour, the sizes of the topographical features (grooves or pits) are also influential and can limit the interaction of rat calvaria bone cells with the surface as cell filopodia have been observed to anchor on top of a surface feature rather than on the surface in between them [19] .
The effect of material crystallinity on cell growth has been studied for crystal surfaces and metal oxides and it has been found that cells can indeed discriminate between surfaces that differ only in crystallinity [20] and variations in surface organization at the Ångstrom scale [21, 22] . For polymeric materials a recent study utilised annealing to modify the degree of polymer crystallinity however in turn surface roughness was also modified [16] . The rate of proliferation of MC3T3-E1 osteoblastic cells was found to be greater on the smooth regions of the films than on the rougher regions, an observation that contradicts the general dogma that osteoblasts prefer rough surfaces. However, as the changes in surface crystallinity were not assessed in this study it is not possible to definitively identify which surface parameter, roughness or crystallinity, was the most influential.
Identification of the specific surface characteristics responsible for influencing cell behaviour is challenging because the modification of one surface property often results in simultaneous changes to other surface properties [11] . Moreover, it has Downloaded by [UQ Library] at 18:13 24 May 2015 been shown in a study by Chesmel et al. [23] that surface morphology and chemistry had a synergistic effect on bone cells grown on micro-machined grooved PS culture dishes with 5-µm-wide grooves which were either 0.5 or 5 µm deep and that this effect could not be predicted from the responses to the individual features alone. This emphasises the complexity associated with studying cell response to surface features.
While the generation of patterned polymer surfaces can provide important information regarding cellular responses to surface topography and chemistry on biomaterial films, these fabrication techniques are not always relevant to biomaterials and cannot be applied to the generation of surface features within 3D scaffolds. Solvent casting produces surface features that mimic those formed in 3D scaffolds fabricated via solvent-based techniques. Polymers with differing degrees of crystallinity, wettability and roughness can be produced by using different solvents during solvent casting [24 -26] and the surface characteristics of these solvent-cast films can also be influenced by the type of casting substrates [27, 28] .
The aim of this study is to identify surface feature(s) of solvent-cast PHBV films that affect osteoblast proliferation, in particular, to assess the features responsible for the lag in osteoblast growth that occurs on these substrates. Solvent cast films were produced in this study from a variety of solvents. Surface characteristics of the different films were determined using scanning probe microscopy (SPM), scanning electron microscopy (SEM), attenuated total reflectance Fourier transform infrared (ATR-FT-IR) spectroscopy and contact-angle measurements. The differences in surface properties were then correlated to the proliferation and morphology of osteoblastic cells cultured on the different films.
MATERIAL AND METHODS
Preparation of solvent-cast films
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) with 8.8 mol% 3-hydroxyvalerate was purchased from Sigma-Aldrich (St. Louis, MO, USA). Films were produced by dissolving at 50
• C 0.30 g PHBV in 15 ml solvent; either chloroform (99.4% purity, Biolab, Clayton, Australia), dichloromethane (DCM) (99.8% purity, Labscan, Bangkok, Thailand), or a chloroform/acetone mixture (50:50, v/v: acetone 99.5% purity, Ajax, Seven Hills, Australia). When the chloroform/acetone solvent mixture was used, the powder was dissolved first in chloroform before acetone was added. A covered glass Petri dish (70 mm i.d.) was used as casting substrate. Solvents were allowed to evaporate at room temperature (25 • C) over several days. Two types of surfaces resulted; a 'rough' surface was produced at the air interface and a 'smooth' surface was produced at the glass interface. Sample surfaces were labelled as follows: CHCl 3 -R, rough surface of the chloroform-cast PHBV film; CHCl 3 -S, smooth surface of the chloroform-cast PHBV film; DCM-R, rough surface of the DCM-cast PHBV film; DCM-S, smooth surface of the DCM-cast PHBV film; MIX-R, rough surface of the chloroform/acetone-cast PHBV film; MIX-S, smooth surface of the chloroform/acetone-cast PHBV film.
Characterisation of solvent-cast films
Scanning electron microscopy (SEM). Samples were mounted on aluminium bases using carbon double-sided tape and then sputter coated with platinum (Eiko, Japan) to prevent the sample from charging during image acquisition. SEM images were obtained using a Jeol-6400F scanning electron microscope (Jeol, Tokyo, Japan) at an accelerating voltage of 5-10 kV. Digital images were captured and saved using an image slave software program (used to digitise SEM images, Dindima Group, Melbourne, Australia).
Scanning probe microscopy (SPM).
An NT-MDT Solver P47 SPM (NT-MDT, Moscow, Russia) was used in a semi-contact ("tapping") mode to obtain information on surface roughness of the samples. Measurements were performed using noncontact "Golden" Si cantilevers (type NSG11 from NT-MDT) with a nominal tip radius of about 10 nm and a scan speed of approximately 1 Hz. The cantilever had a force constant of 5 N/m. A nominal area of either 7.5 µm × 7.5 µm or 18.0 µm × 18.0 µm was scanned. Four to eight random areas on each surface was scanned. The errors in the R a and R z values are the standard deviations.
Contact-angle measurements. Water contact angle measurements were acquired using the sessile drop method. Both advancing (θ A ) and receding (θ R ) contact angles were obtained using drops of Milli-Q water on the film surfaces. The θ A was measured on a 5-µl drop and subsequently after each addition of 5 µl until a total 20 µl volume was added. For θ R , 5-µl volumes were withdrawn from a 25-µl water drop. Using the equation 2h/ = tan θ/2, contact angles (θ ) were calculated ( is the base diameter of the drop and h is the height of the drop) [29] . A minimum of three repeats were carried out for each sample and the errors given in θ A and θ R are the standard derivation of the 12 or more contact-angle values.
Attenuated total reflectance Fourier transform infrared (ATR-FT-IR) spectroscopy. ATR-FT-IR spectra (64 scans, 8 cm
−1 resolution, wavenumber range 4000-525 cm −1 ) were acquired using a Nicolet Nexus 870 (Thermo-Nicolet, Madison, WI, USA) with a Smart Endurance diamond ATR accessory where the penetration depth was 0.91 µm at 1550 cm −1 when using a value of 1.5 for the refractive index of the polymer. Micro ATR-FT-IR spectra (64 scans, 8 cm −1 resolution, wavenumber range 4000-700 cm −1 ) were collected from a Nicolet Continuµm microscope equipped with a liquid-nitrogen-cooled mercury-cadmium-telluride (MCT) detector and a silicon ATR objective where the penetration depth was 0.65 µm at 1550 cm −1 . Contact between the crystal and sample was automated and monitored by a pressure gauge. An area of 1000 µm × 1000 µm was mapped where each spectrum was obtained from an area defined by an aperture of 40 µm × 40 µm. ATR spectra were corrected for wavelength dependence. The step size for each spectrum was 40 µm. Spectral information was extracted by means of spectral analysis software (GRAMS/32, Galactic Industries, Salem, NH, USA) and maps were illustrated using the Origin graphics software package (OriginLab, Northampton, MA, USA). The error in the average crystallinity index (CI) value is based on the standard deviation of 8 repeats of the CHCl 3 -R film.
X-ray diffraction (XRD)
. XRD spectra were recorded on a Bruker D8 Advance X-ray diffractometer equipped with Cu Kα (λ = 0.1542 nm) source and Göbel mirrors to achieve a parallel X-ray beam. Each scan was recorded in the range of 2θ = 6-36
• at a scan step of 0.01 
Differential scanning calorimetry (DSC).
A Perkin Elmer DSC 7 (Perkin Elmer, Wellesley, MA, USA) was calibrated using the melting temperatures of indium (429.4 K) and zinc (692.5 K) and their heats of fusion. About 5 mg specimens were heated from 20 to 200
• C at a rate of 10 • C/min. Melting enthalpy ( H m ) was determined from the area under a peak of the DSC trace run using a data acquisition program (PYRIS Version 3.5 Thermal software, Perkin Elmer). Percent bulk crystallinity was determined by using the following equation:
where H * m , the enthalpy of fusion for 100% crystalline PHB, was taken to be equal to 146 J/g [30] .
Osteoblast studies
Cell morphology assessment and cell proliferation assay. Cell morphology and proliferation assays involved culturing MC3T3-E1-S14 (MC3T3) cells on tissue culture plastic, PHBV or glass substrates for 2 and 4 days. The MC3T3 cells were grown in Minimal Essential Medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum, 50 units/ml penicillin G sodium, 50 µg/ml of streptomycin sulfate and 2 mM L-Glutamax (Invitrogen). To ensure that the cells only adhered to the glass or PHBV substrates and did not migrate onto the tissue culture plastic wells into which the glass and PHBV substrates were placed, the tissue-culture plastic was pre-coated with 30 µl/cm 2 12% poly(2-hydroxyethyl methacrylate) (PHEMA) in 95% ethanol (Sigma). PHEMA was allowed to harden overnight, the different PHBV substrates were placed into wells and the MC3T3
Investigations into PHBV surface properties causing delayed osteoblast growth 1107 cells were seeded the following day at 2000 cells/well in a 96-well plate and grown for 2 and 4 days at 37
• C in 5% CO 2 . For comparative studies between PHBV and a reference substrate, glass was used to allow for PHEMA treatment in all wells and removal of all substrates for microscopic analysis.
To assess cell morphology at the end of the culture period, the cells were incubated for 30 min at 37
• C in 4% paraformaldehyde. The cells were then washed 3 times in de-ionized water, incubated in Harris haematoxylin for 5 min and then washed 3 times in tap water. The PHBV and glass cover slips where then mounted in aqueous mounting media. Cells were visualized and imaged on an Olympus IX-70 microscope (Olympus Australia, Mount Waverley, Australia) using a SPOT RT camera and SPOT TM 3.2.6 software (Diagnostic Instruments, Sterling Heights, MI, USA).
To allow for detailed assessment of cell morphology by SEM the cells grown on the different PHBV substrates were fixed and dehydrated prior to platinum coating. Briefly cells were fixed for 30 min at 4
• C with 3% (v/v) glutaldehyde in cacodylate buffer (0.1 M sodium cacodylate), then washed 4 times for 10 min in cacodylate buffer at 4
• C. The samples were then exposed to 1% (v/v) osmium tetroxide in cacodylate buffer for 1 h at 4
• C and washed twice in cacodylate buffer followed by pure water for 10 min at 4
• C. The samples were then dehydrated step wise by washing for 10 min at room temperature in 60, 70, 80, 90 and 100% ethanol. The samples were then washed for 10 min at room temperature in 100% ethanol/hexamethyldisilazane (HMDS) (2:1), 100% ethanol/HMDS (1:1) and 100% ethanol/HMDS (1:2). Finally the samples were washed twice for 10 min at room temperature in 100% HMDS before being allowed to air-dry over night. For SEM analysis the samples were then mounted on aluminium stubs and sputter coated with platinum (Eiko, Ibaraki, Japan). SEM images were obtained using a Jeol-6400F scanning electron microscope at an accelerating voltage of 5 to 10 kV. Digital images were captured and saved using an image slaver software program.
Cell proliferation was assessed indirectly using the CellTiter ® 96 Aqueous One Solution Cell Proliferation Assay, a methylthiazol tetrazolium (MTT) assay (Promega, Madison, WI, USA), which measures the activity of the subcellular mitochondrial enzyme succinate dehydrogenase spectrophotometrically. At the end of the culture period a final concentration of 200 µg/ml of MTT solution was added to all wells and the cells were incubated for a further 2 h at 37
• C in 5% CO 2 before being read on a Powerwave XS spectrophotometer using KCjunior software (Bio-TEK Instruments, Winooski, VT, USA) at 490 nm using a reference wavelength of 600 nm.
To assess the effect of conditioned media, solvent and lipopolysaccharide (LPS) on MC3T3 cell viability, the cells were cultured on tissue culture plastic and treated with these respective agents. Cells were allowed to adhere and then treated for 2 or 4 days with media that had been conditioned by soaking in either, CHCl 3 , DCM or MIX cast PHBV for either 2 or 4 days. For LPS and solvent treatment, the cells were treated with 0.01-10 ng/ml of LPS or 1-0.0001% of the respective solvents from the time of cell seeding for either 2 or 4 days, and cell viability was then assessed using the MTT assay described above. LPS, derived from Salmonella minesata which had been chromatographically purified by gel filtration, was purchased from Sigma. Bioactivity of LPS-at the concentrations used was confirmed by measuring cytokine production from LPS-treated macrophages (data not shown).
Statistical analysis
Statistically significant differences in the proliferation assays were determined by one-way analysis of variance (ANOVA) followed by a Tukey's Multiple Comparison Test using the GraphPad software program PRISM (GraphPad Software, San Diego, CA, USA).
RESULTS
Roughness
Chloroform and a mixture of chloroform/acetone solvents have been used previously to change the surface features of biodegradable polymers other than PHBV [26] . In the current study, DCM was used in addition to these two solvent systems. The solvent casting of the films produced two surfaces, a rough side (at the air interface) and a smooth side (from the glass interface). A combination of the visual information from the SEM images (Fig. 1) , the R a (the mean amplitude of surface features relative to the centre plane) and R z (the maximum height between pits and groves) values as measured using SPM (Table 1 ) provided a full description of the surface roughness. The R z values paralleled the R a values and, therefore, the description below is limited to include R a values only.
The rough surfaces of all three films displayed relatively high R a values (150-210 nm), which were not significantly different between the films (Table 1) . However, comparison of the SEM micrographs of the three rough surfaces revealed striking differences in the lateral patterns on the polymer surfaces (Fig. 1) . The CHCl 3 -R and MIX-R surfaces were highly textured, displaying extensive pits and ridges compared to the DCM-R surface. Specifically, the CHCl 3 -R surface had pits of 2-5 µm in diameter and up to 2 µm apart; while larger pits in the range of 5-20 µm and up to 8 µm in width were generated on the PHBV surface when a mixture of chloroform and acetone was used to produce the film (i.e., MIX-R).
From the SEM images it can be seen that the smooth surfaces were uniform and featureless compared to their respective rough sides and their R a values were all significantly different from their respective rough partner. In addition, the R a values of the smooth material surfaces were significantly different from each other, with the MIX-S surface displaying the smallest R a value (20 ± 10 nm) and a featureless surface similar to that found previously for melt processed PHBV [31] . Interestingly, the lateral surface features of the DCM-R, CHCl 3 -S and DCM-S films were very similar, as evident from the SEM images. 
Surface hydrophobicity
Advancing contact angles of the different PHBV film surfaces are tabulated in Table 1 . There was no significant difference between the θ A values of the rough side compared to the smooth side of each of the films; however, the tendency was for the rough side to have a slightly higher advancing contact angle. The advancing contact angles for the CHCl 3 -R and DCM-R surfaces were similar but 8-10
• higher than the MIX-R surface. The smooth side of the films followed a similar trend with the CHCl 3 -S and DCM-S surfaces having higher advancing contact angles than the MIX-S surface. Contact angle hysteresis (θ A -θ R ) was low for all samples and the surfaces with the lowest roughness values (DCM-S and MIX-S) displayed the lowest hysteresis as expected.
Crystallinity
The bulk crystallinity of the PHBV powder as received was measured by XRD to be 51%, whereas that of the three films fell within the range of 35-38%, showing that the crystallinity of these films was not significantly different (Table 1) . In general, samples with differing crystallinity are measured to obtain intrinsic values to be utilised for the calculation of percent crystallinity by indirect methods such as DSC and vibrational spectroscopy [32 -34] . In the current study, the crystallinity calculated from the DSC measurement agreed with that obtained by XRD for each sample when the value of 146 J/g for the enthalpy of fusion for 100% crystalline PHB was used [30] . Changes in infrared band intensity, band shape or position during heating can reveal bands in the infrared spectra that are sensitive to a change in crystallinity [32 -34] . Bloembergen et al. observed from the infrared spectrum of PHBV that the intensity of the band at 1185 cm −1 displayed the largest difference between crystalline and amorphous states. A crystallinity index, CI, was determined by normalising the 1185 cm −1 band to that of the 1382 cm −1 band, which was found to be insensitive to the degree of crystallinity [34] (Fig. 2) . PHBV powder as received yielded a CI value of 1.2 ± 0.1, while the rough side of a solvent-cast CHCl 3 film yielded a CI value of 0.9 ± 0.1. These CI values were obtained using a diamond ATR accessory which measures the infrared spectrum from an area of 0.75 mm 2 and to a depth of approximately 1 µm. Comparing these values with the absolute crystallinity obtained by XRD it can be seen that a higher CI value corresponds to a higher crystallinity, thus verifying the use of the CI values to assess relative magnitudes of crystallinity. Since different FT-IR techniques can result in different CI values it is not possible to compare the results obtained here with those obtained by other groups [34, 35] .
The fraction and location of crystalline and non-crystalline domains within a polymer is affected by the processing method [16, 24 -26] . By acquiring an infrared map by the point illumination method using an ATR objective, the lateral distribution of components across a sample surface in heterogeneous samples can be explored [36] . The micro ATR-FT-IR technique probes the outmost 0.7 µm of the surface using evanescent infrared light [37] and can be used to map a surface by building up a mosaic of infrared spectra recorded at discrete points in a grid pattern, where each point has an area of 40 µm × 40 µm. The micro ATR-FT-IR map of CI values for the DCM-S surface (Fig. 3A) display a large range (difference between the highest and the lowest CI value) of CI values of 0.6 ( Table 1 ). The CI map of the CHCl 3 -R surface showed a significantly smaller CI range, thus presenting a less heterogeneous surface (Fig. 3B) . Surface CI maps of all surfaces were obtained and their CI range values are tabulated in Table 1 . The DCM-S surface showed the highest CI value (i.e., 1.6) and largest CI range while the CHCl 3 -S surface showed the lowest surface CI value (i.e., 0.7). The average CI values (obtained by averaging all the points in the grid; Table 1 ) are the same within experimental error, which highlights the necessity of evaluating the lateral distribution of this surface feature.
Osteoblast morphology
To investigate the influence of the PHBV material surface properties on the morphology of osteoblasts, in vitro culture of MC3T3 cells on the different PHBV substrates was performed for 4 days, after which the cells were fixed and stained with Harris hematoxylin (Fig. 4) . On the CHCl 3 -R, CHCl 3 -S, DCM-R, DCM-S and MIX-S surfaces the morphology of the cells was similar to that of cells grown on glass. The majority of cells on these surfaces appeared flat and highly spread with significant cytoplasmic processes extending onto the material (Fig. 4) . However, the morphology of the cells grown on the MIX-R surfaces was dramatically different to that of cells grown on glass. These cells were less spread and exhibited reduced numbers of cellular processes extending on to the MIX-R surface (Fig. 4) . To further visualize the differences in cell morphology due to the different PHBV substrates SEM analysis was performed on cells grown on the substrates for 4 days. The SEM analysis confirmed the flat spread morphology of cells grown on most surfaces; that of cells on the DCM-R surface is shown in Fig. 5 (DCM-R 500×). In comparison, cells growing on the MIX-R surface appeared smaller and less spread on the material surface (Fig. 5, MIX-R 500×) . High-magnification images of these cells revealed that the cells growing on the DCM-R surface had organised pseudopod interactions with the material (white arrows), while the cells on the MIX-R surface had less pseudopods extending on the material surface and those that were present appeared highly disorganised (Fig. 5 , DCM-R 5000× and MIX-R 5000×). There was also a striking reduction in the number of cells seen on the MIX-R surface compared to all the other substrates tested, suggesting that the proliferation of cells was significantly influenced by the different PHBV substrates (Fig. 4) .
Osteoblast proliferation
To identify differences in the proliferation of osteoblasts grown on the different PHBV substrates an indirect assessment of proliferation was used. A MTT assay was performed on cells grown on different PHBV substrates to directly measure the metabolic activity of the cells. As the metabolic activity of the MC3T3 cells is consistent regardless of the growth substrate, a change in metabolic activity refects a change in cell number and hence the proliferation of cells over time on the different PHBV substrates and as such MTT analysis was used to indirectly measure cell proliferation. There was significantly less proliferation of osteoblasts grown on all PHBV substrates at day 2 compared to the cells grown on glass (Fig. 6A) . For some substrates, this lag in cell proliferation was temporary as by day 4 there were no significant differences between the growth of cells seeded on glass, CHCl 3 -R, CHCl 3 -S or the DCM-R substrates, indicating that all these substrates can effectively support osteoblast proliferation. However, for three of the PHBV substrates, DCM-S, MIX-R and MIX-S, the lag in proliferation persisted, as cells grown on these films showed reduced proliferation compared to all other substrates at day 4 (Fig. 6B) .
Casting of the PHBV films involves the use of solvents that can be toxic to cells and two alternative approaches were taken to investigate if the solvent cast films had residual solvent contaminants that were influencing the growth of the osteoblasts. Firstly, pieces of PHBV were initially bathed in media prior to the media being added to the cells for the indicated times. Conditioning the media by pre soaking it with different PHBV substrates did not affect proliferation of the osteoblasts ( Table 2 ). The second approach involved adding the two different solvents and the solvent mixture to osteoblasts grown on tissue-culture plastic. Only at extremely high solvent concentrations of 1% (v/v) was the proliferation of the osteoblasts affected ( Table 3 ). Considering that the weight of the PHBV samples used in the cell assays were approximately 2 mg and that no solvent could be detected by FT-IR (detection limit estimated to 5%), the maximum amount of solvent in a PHBV sample would be 0.05 µl. Taking into account that the cell assay used a volume of 200 µl of media, a maximum concentration of solvent produced by elution from the PHBV film would be equivalent to adding 0.025% (v/v) of solvent to the cells in culture and this level of contamination had no effect on the proliferation of the MC3T3 cells (Table 3) .
PHBV is produced by the fermentation of Gram-negative bacteria and it has been shown that it contains the pyrogen LPS [38] . Osteoblasts express the receptor for LPS, Toll-like receptor 4, and LPS has been shown to induce expression of the essential osteoclast regulating cytokine RANKL in osteoblasts [39] . LPS is also known to influence the proliferation of other cells and thus, to investigate if LPS was influencing the proliferation of osteoblasts MC3T3 cells were treated with different concentrations of LPS and their proliferation assessed. No difference in cell proliferation was seen at any of the LPS concentrations investigated (Table 4) . 
Data are expressed as the average percent in absorbance compared to cells grown in standard media ± standard error of the mean and are representative of three independent experiments. b Differences between control and treated samples are statistically significant (P < 0.05). 
DISCUSSION
Stimulation of bone growth on a biomaterial can be improved by modifying the interface between the biomaterial and its host environment. The material surface properties, roughness, chemistry (including atomic composition and crystallinity) and wettability may all affect the biological response that a given material produces. Identification of the specific surface characteristics responsible for influencing cell behaviour is challenging because the modification of one surface property results in simultaneous changes to other surface properties. Hence, the relationship of one particular surface property to cell behaviour is not well understood and needs more rigorous study. Few studies exploring osteoblast responses to surface properties have thoroughly investigated all surface parameters of the biomaterial being investigated. In the present study, there is no variation in surface composition between samples (as evident from X-ray photoelectron spectroscopy, data not shown) and all other surface properties have been characterised. This has allowed the surface characteristics (roughness, crystallinity and wettability) to be evaluated for their importance in influencing the growth of osteoblasts on the biomaterial PHBV.
Surface properties
Variations in surface features can be obtained using different solvents during the casting of PHBV films. The pit patterns produced at the air interphase (the rough surfaces) were produced by water droplets condensing on the surface as the solvent evaporated from the surface of the film [31, 40] . The R a values obtained for the three rough surfaces, CHCl 3 -R, DCM-R and MIX-R, are similar within experimental error, however, the surfaces showed vastly different physical features. The CHCl 3 -R and DCM-R surfaces showed pits with the diameter sizes being smaller on the DCM-R surface. The size differences of the pit diameters are caused by the different evaporation rate of the solvents. The MIX-R surface had very different lateral surface features compared to the other rough surfaces. During the solvent evaporation process of this film, it was observed that it gelled after about 2 days and took longer to form a film compared to films made with a single solvent.
The surface of the smooth side of the films showed very little texture as the surface characteristics of the casting substrate were retained as an imprint on the polymer surface [28] . In this case, the surface of the glass Petri dish controlled the surface features created on the smooth side. The R a values for these surfaces were all very low (20-80 nm) with the DCM-S and MIX-S surfaces comparing well with meltprocessed PHBV substrates (R a = 30 nm) [41] .
All surfaces were hydrophobic in nature with the surfaces produced using the mixed solvents displaying the lowest contact angles. There was a trend for the smooth surface of each film to display a lower θ A value compared to the corresponding rough side in general agreement with the Wenzel's area correction theory. Similar observation has been made by Lampin et al. where a direct relationship between roughness and surface energy for PMMA materials was found [42] . The lateral distribution of CI values of the different surfaces illustrates their different levels of heterogeneity with respect to crystallinity. It was found that the group of substrates with the most hydrophobic surfaces (CHCl 3 -R, CHCl 3 -S, DCM-R) dis-play the least heterogeneous surface crystallinities ( Table 1) . The contact angle hysteresis was generally low but no direct correlation was found between contact angle hysteresis and either R a values or CI range (surface heterogeneity). Both surface roughness and heterogeneity in surface chemistry are features often associated with increased contact angle hysteresis [43] . For the samples of this study, the smooth surfaces have higher or similar CI ranges to their rough counterpart; thus, all samples display features that are expected to contribute to the contact angle hysteresis.
Cell viability on PHBV surfaces
To evaluate appropriately the influence of different PHBV surface properties on the growth of osteoblasts it was essential to eliminate the possibility that potential surface contaminants were influencing cell proliferation. LPS is known to be a contaminant of PHBV following its purification from Gram-negative bacteria. In addition, it is possible that the casting solvents used to produce the PHBV films could leave a residual contaminant on the surface of these substrates and as such this was also investigated. Although it cannot be eliminated that surface trapped solvent molecules at very low concentrations could affect the cell response, this is not a likely explanation in this study since of the two surfaces produced by casting from DCM solution, only one resulted in a lag in cell proliferation beyond 2 days. Addition of LPS, the solvents CHCl 3 , DCM or a mixture of CHCl 3 and acetone, or PHBV-conditioned media to osteoblasts had no affect on their proliferation, which indicates that the lag in osteoblast proliferation seen with all PHBV surfaces on day 2 (Fig. 5A) was not due to any contaminating factors and, therefore, must be a consequence of the PHBV substrate.
Surface wettability is a material property known to influence the growth of osteoblasts [12] and it is widely accepted that cell adhesion and subsequent activity are superior on hydrophilic surfaces [9, 44 -46] such as the glass substrate used in this study. All the PHBV substrates generated in the current study had water contact angles greater than 65
• and as such are classified as hydrophobic [47] , which is likely to account for the lag phase in cell growth that was seen with all PHBV substrates after 2 days. It is interesting that by day 4, osteoblast proliferation was not different on the two chloroform and the DCM-R surfaces compared to the control surfaces, despite the fact that these were the more hydrophobic PHBV surfaces investigated. This would suggest that, as the advancing contact angle values for all the PHBV substrates fell within the hydrophobic classification, the 12
• of variation between the different PHBV substrates investigated here is not responsible for the differences in osteoblast viability seen after 4 days of growth on these PHBV surfaces. Thus, in order to understand the differences in cell proliferation on the substrates observed after 4 days, other surface properties need to be considered.
Studies have shown that cells can respond to variations in crystallinity [20, 21] . In the current study, surface cystallinity was measured and its lateral distribution was seen to vary between the different PHBV substrates. It was found that the three substrates which best support cell growth (CHCl 3 -R, CHCl 3 -S, DCM-R) have the least heterogeneous surface crystallinity (i.e., smallest CI range). This magnitude in CI range is, however, only slightly different to that of the MIX-S surface and, therefore, it is unlikely that surface crystallinity is the only parameter influencing cell growth.
Surface roughness and gross morphology are other critical parameters that influence cell growth on a given substrate [10, 48, 49] . Many studies have investigated the influence of surface roughness on cell proliferation; however, in the process of altering the roughness of a given substrate, surface chemistry is often changed concurrently, making it challenging to identify accurately the true effect of roughness alone [50] . It was pointed out in a recent review that surface roughness appears to promote osteointegration in orthopaedic and oral/maxillofacial applications [9] . There is no consensus on the effect of surface roughness on osteoblast attachment and growth on polymer based materials. Although there is precedence for higher cell proliferation [13] and alkaline phosphatase activity [15] on rough surfaces at long time points (week or more) other studies find only higher attachment but not proliferation on rough surfaces [14, 19] . The PHBV surfaces generated in the present study have R a values in the nanometre to sub-micrometre range (20-210 nm). The smoothest surfaces of this study (DCMS and MIX-S with R a values of 20 and 40 nm, respectively) inhibited the proliferation of osteoblasts possibly as a consequence of smaller surface area. All other PHBV substrates (R a 80 nm), except the MIX-R surface, supported cell proliferation. Thus, for our substrates it is generally found that cell proliferation is enhanced on rough surfaces.
The finding that the MIX-R surface was the least effective at supporting osteoblast growth (observed both with respect to cell number and cell morphology) suggests that the lateral surface features are indeed influential. The distance between the surface ridges on the MIX-R surface was 10× greater than the distances on the DCM-R material (5-20 and 1-2 µm, respectively) and are approaching the actual size of the MC3T3 cells (30-40 µm) . It is likely that this inhibits the ability of the cells to spread on these surfaces. As pointed out in a review by Singhvi et al. [11] a number of independent studies have found that surface morphology modulate the extent of cell spreading and cell shape; and since it has been established that cell shape is a major determinant of cell growth and function, these subtle differences in the topographical features translate into significant differences in cell behaviour. Furthermore, it was pointed out that interaction of cells with substrata with nonplanar surfaces (such as PHBV) depends on the dimensions of the underlying topography. Thus, it is not surprising that the different topographical features observed in our samples (e.g., MIX-R and DCM-R) are causing vast differences in cell growth.
In our previous study [7] the lag in cell growth was attributed to the high hydophobicity, as well as the topography of the CHCl 3 -R films used. We can now specify that it is solely the hydrophobic nature that causes this initial lag observed on the CHCl 3 -R films. Longer-term lag is not observed for this sample as this already has optimal roughness for MC3T3 cell growth.
